To eliminate the jump points of multipole angle values after subdivision at low temperature, the magnetic field and temperature field characteristics of a multipole magnetic encoder are analyzed in this study, and the effect of changes in magnetic field strength and temperature field on the precision of angle values is studied. To eliminate the jump point of multipole angle values caused by changes in the temperature field, the suppression method based on single-pole angle value fitting is proposed. The error between the single-pole and multipole angle values is tabulated by the oversampling linear interpolation method, and the precision of fitting single-pole to multipole angle values is effectively improved. The error of the angle value caused by changes in the temperature field is studied and analyzed, and the relationship between the jump angle values and the pole number of the multipole magnetic encoder is obtained. Furthermore, the jump point is compensated for by the jump range of the multipole angle values. Finally, the angle accuracy of the multipole magnetic encoder in a cryogenic chamber is experimentally verified. The experimental results show that the low-temperature jump point compensation method proposed for the multipole magnetic encoder in this paper can effectively suppress the jump of the angle values.
Introduction
With the accelerated development of industrialization, people have high requirements for the resolution and precision of angular displacement sensor. At present, magnetic encoder and photoelectric encoder are widely used as angular displacement sensors [1] . The photoelectric encoder is of high precision, but the volume is large. The magnetic encoder can work in the dust and oil environment, but the resolution and precision of the magnetic encoder are difficult to be improved [2] . In order to improve the precision of the magnetic encoder, scholars have done a lot of research.
A rotary magnetic sensor with complementary metal oxide semiconductor is proposed; it can improve the precision of the sensor up to 10 bits/rotation through the offset calibration [3] . A high-accuracy magnetic rotary encoder is proposed. The structure with the magnetic collector can improve the magnetic field distribution. In order to eliminate the output deviation of the magnetic encoder, the signal correction algorithm based on the least square estimation is proposed [4] . An error compensation method for a single pair-pole encoder is proposed; it can compensate position error, and the precision of magnetic encoder which used this method could reach ±1° [5] . A magnetic encoder with a novel arrangement of Hall effect sensors is proposed. It is used to measure the angle value of rotation. The Hall effect sensors are equilaterally arranged; it can eliminate harmonics of the third order and its multiples and improves the accuracy of the magnetic encoder [6] . In order to eliminate the steadystate error caused by installation errors, an integrated Hall magnetic encoder error correction method is proposed [7] . A compensation method based on PMSM sensor less control is proposed. It can eliminate the angle deviation of the magnetic encoder. In order to eliminate the noise signals, the oversampling linear interpolation tabulation method is proposed. Finally, the precision of the magnetic encoder is limited within 0.09 degrees [8] . A magnetic rotary encoder is proposed. It can be used at several thousand revolution per minute (RPM), and its precision is higher than the photoelectric encoder [9] . A magnetic rotary encoder is designed. In order to improve the stability of the original signal, a modified version of Kalman filter is proposed, and the response speed of the magnetic encoder is improved. Finally, the absolute error of the encoder is limited within 0.03 degrees [10] . A harmonic fitting algorithm is proposed which is used to estimate rotational angle; it can compensate for the eccentrically mounted angle of error [11] . An absolute magnetic rotary position sensor is designed. In order to measure absolute angular position, a method based on the vernier caliper measuring principle is proposed. A new error compensation model based on genetic algorithm is proposed; it can improve the precision of the magnetic encoder. Finally, the accuracy of the magnetic encoder can reach up to 0.2 degrees [12] . A real-time controller has been proposed to develop a correction and interpolation algorithm and successfully optimized the magnetic encoder signal. This algorithm can run at very low speed [13] . A new multisensor data fusion methodology based on fuzzy logic has been proposed; it can improve the precision of the magnetic encoder [14] . A novel algorithm based on polynomial approximations (PA) is proposed; this algorithm is used for an efficient error compensation of magnetic analog encoders. The proposed PA algorithm assisted with the phase-locked loop is capable of reducing the total position error to a range as small as ±0.2° [15] . A subdivision method based on software frequency doubling is proposed. It uses digital filtering to filter the disturbed sine and cosine signals and multiplied by trigonometric function multiplication, which effectively improves the resolution of the encoder [16] . The encoder noise is easily removed by distributing the six Hall elements evenly around the permanent magnets and calibrated with an optical encoder to realize a 13-bit precision magnetic encoder [17] . The wave equation of angular displacement with amplitude error, waveform distortion, and DC component is established, and the orthogonal error correction parameter is solved by the least square method, which improves the precision of the encoder [18] . The neuron iterative algorithm is used to compensate the error of the temperature drift of the Hall element [19] . A rotary magnetic sensor using MEMS technology is proposed [20] , and its measure precision is [−0.5°, +0.5°].
In order to eliminate the jump points of multipole angle values after subdivision at low temperature, the magnetic field and temperature field characteristics of multipole magnetic encoder are analyzed in this paper, and the effect of changes in magnetic field strength and temperature field on the precision of angle values is studied. In order to eliminate the jump point of multipole angle values caused by the change of temperature field, the suppression method based on single-pole angle value fitting has been proposed. The error between the single-pole angle values and the multipole angle values is tabulated by oversampling linear interpolation method, and the precision of fitting single-pole angle values to multipole angle values is effectively improved. The error of the angle value caused by the change of temperature field is studied and analyzed, and the relationship between the jump angle values and the pole number of the multipole magnetic encoder is obtained to compensate the jump point by the jump range of multipole angle values. The lowtemperature jump point compensation method proposed for multipole magnetic encoder in this paper can effectively suppress the jump of angle value.
Model Establishment and Working
Principle of Magnetic Encoder
The structure of the magnetic encoder studied in this paper is shown in Figure 1 . It consists of single-pole magnetic steel, multipole magnetic steel, and a signal detection board. The magnetic steel of the single-pole and multipole is bonded to the ends of the motor axle, and the signal detection board is installed above them. A1301A Hall elements are mounted on the signal detection board. In this study, the pole number of the multipole magnetic steel is 16, which means it generates 16 cycles of the magnetic field signal when it rotates through 360°. The Hall element receives the magnetic field signal and generates an induced voltage. The induced voltage generates the digital signal through the A/D converter module of the MCU. The single-pole and multipole angle values of the magnetic encoder are calculated after the digital signal is obtained, and the mapping relation between the angle values of the single-pole and multipole is judged. The angle values of the multipole magnetic encoder after subdivision are obtained according to the subdivision algorithm of angle values [21] . The working principle of the magnetic encoder is shown in Figure 2 . We can see from Figure 2 that the angle value signal of the single-pole and multipole of the magnetic encoder is detected by the Hall element, and the subdivision of the multipole angle values needs to be based on the mapping relationship between single-pole and multipole angle values.
However, the magnetic sensitivity of the Hall element varies at different temperatures; the change of the magnetic sensitivity coefficient will result in the change of the singlepole angle value and the multipole angle value. However, the subdivision process of the multipole angle value is completed according to the correspondence between the singlepole angle value and the multipole angle value. The change of the correspondence value of the angle value will inevitably lead to a change in the mapping relationship between the multipole angle value and the single-pole angle value. As shown in Figure 3 , due to the change of the mapping relationship between the single-pole and multipole angle values calculated by the Hall element, it leads to errors in the multipole angle value subdivision calculation. Eventually, it leads to a judgment error, as it causes the interval critical position for subdivision of the angle value of a multipole magnetic encoder to appear as an angle jump point.
To improve the stability of a multipole magnetic encoder working in different temperature environments, it is necessary to analyze its magnetic field signal and the temperature field characteristics. Moreover, an angle value error compensation strategy needs to be proposed for the Figure 4 . The solution domain model of a 3D transient magnetic field includes multipole magnetic steel, single-pole magnetic steel, a signal detection board, and a Hall element. The multipole and single-pole magnetic steel are rotated at 300 rad/min in the process of solving the 3D transient electromagnetic field.
The mathematical model of the 3D transient magnetic field of the magnetic encoder is given
where T is the electric vector potential, ψ is the scalar magnetic potential, μ is the permeability (in H/m), ρ is the resistivity (in Ω⋅ m), and t is the time (in s). The magnetic field distribution in the 3D transient magnetic field of the magnetic encoder is shown in Figure 5 . The magnetic density distribution of the Hall element is shown in Figure 6 . It can be seen that the magnetic density is induced 3 Journal of Sensors in the Hall element under the effect of the rotating magnetic field generated by the multipole and single-pole magnetic steel, and the maximum magnetic density of the Hall element is 0.33463 T.
To study the temperature field of the magnetic encoder in detail, we have given the solution domain model of the temperature field for the magnetic encoder, which is shown in Figure 7 . The heat losses of the Hall element and signal detection board calculated by the 3D transient magnetic field were used as the heat sources in the temperature field analysis, and then the temperature distribution of the Hall element and the signal detection board can be accurately determined after solving the 3D temperature field equation. The 3D equation of temperature field is
where λ x , λ y , and λ z denote the thermal conductivity coefficient in the x, y, and z directions, respectively, and q v denotes the heat density. The ambient temperature is set as 25°C, and the natural heat dissipation boundary condition is adopted in the process of solving the 3D temperature field. The temperature distribution of the magnetic encoder is shown in Figure 8 . It can be seen that the maximum temperature rise of the magnetic encoder is 0.1427 K. This indicates that the magnetic encoder will generate a temperature rise with the rotation of the magnetic steel. However, as the temperature rise is small, we can ignore the effect of eddy current loss on temperature.
Simulation of a Static Magnetic Encoder.
We can see from the above analysis that the influence of the magnetic field generated by mechanical rotation on the temperature rise of the Hall element can be neglected. Now, the influence of temperature change on the Hall element output signal is analyzed when the magnetic encoder is stationary. The magnetic encoder and permanent magnet synchronous motor (PMSM) are coaxially installed. Then, the motor rotor position is fixed at normal and low temperatures. The output voltages of Hall A and Hall B at low temperature are derived as
where V A is the output voltage of Hall A; V B is the output voltage of Hall B; △T is the temperature variation coefficient error; and D is the signal amplitude. The ADC module of the MCU used in this study is 12 bits, so the range of signal amplitude is 0-4095(2^12-1).
The output voltages of Hall A and Hall B at a normal temperature are derived as
To calculate the angle value, divide the angle value into eight intervals based on the relationship between V A and V B as shown in Figure 11 . When V A and V B are in the first interval, then θ = tan According to equations (3) and (4), the influence of signal amplitude D and temperature variation coefficient error △T on angle value accuracy is studied, when D = 1024 and △T = 50, as shown in Figure 12 It can be seen from Figure 12 that the angle value deviation decreases with an increase in the angle amplitude of the magnetic encoder under the same temperature variation coefficient error. Furthermore, the angle value deviation increases with an increase in the temperature variation coefficient error when the signal amplitude is the same.
The above simulation analysis reveals that the greater the magnetic field of the encoder, the lower the influence of changes in the temperature field on the angle value. Furthermore, the deviation of angle value increases with an increase in the temperature field under the same magnetic field intensity. The temperature rise of the Hall element caused by the temperature field exists objectively. To improve the anti-interference ability of the magnetic encoder, it is necessary to improve the amplitude of the received signal of the magnetic encoder. Therefore, the strong sensitive Hall A1301KUA-T is used as the sensor chip and the strong magnetic material N-40UH is used as the permanent magnet for the magnetic encoder in this paper. We can obtain the subdivided multipole angle values by using the multiwindow interval prediction angle subdivision method [21] . The working process of the angle value subdivision of the magnetic encoder is as follows. First, the upper window, current window, and lower window of the 
where N is the angle value of the multipole; N 1 is the angle value of the upper window; N 2 is the angle value of the current window; N 3 is the angle value of the lower window; and N w is the window amplitude.
Collect the multiple pole angle values through experiments, and the window value is set to 25000 (the range of multipole angle values is 0-65535 LSB). The upper window, lower window, and current window are shown in Figure 13 based on equation (5) .
We can obtain the mapping table of the upper window angle value, the current window angle value, and the lower window angle value corresponding to the single-pole angle value. Then, the pole number of the current window angle value is judged logically according to the mapping table. Finally, the pole number of the current window angle value is obtained. The process of angle subdivision is shown in Figure 14 .
The multipole angle values after subdivision through experiment are shown in Figure 15 , and the differential values of the multipole angle values after subdivision are shown in Figure 16 . We can see from Figure 16 that the multipole angle values after subdivision are smooth and no jump points exist.
In the same way, we use the mapping table in Figure 14 to subdivide the multipole angle values in a low-temperature environment. We can see from the three parts of the simulation analysis that the angle values of single-pole and multipole will change with changes in the temperature. The changes in the angle value △θ will directly lead to dislocation of the table mapping relation when looking up the table, which is shown in Figure 17 .
At this time, we still use the table shown in Figure 14 to subdivide the angle values of the multipole magnetic encoder, Journal of Sensors and the angle value waveform of the subdivision is shown in Figure 18 . The differential value of the angle value after subdivision is shown in Figure 19 .
We can see from Figure 19 that the angle value is jumping at some positions and the jump value is fixed. According to the above analysis, this jump is mainly caused by the subdivision of the table using the angle value subdivision. It can be seen, based on the above analysis, that this jump is mainly caused by the mapping relationship error of the table when the angle value is subdivided.
To eliminate the jump points of multipole angle values after subdivision for the magnetic encoder at low temperatures, the suppression method of jump points for multipole angle values at low temperatures based on single-pole angle value fitting is proposed in this paper.
Jump Point Suppression Method for Multipole Angle
Values. Simulation analysis of the angular value subdivision process at low temperature has been done; the angle value subdivision table is checked by using the single-pole angle value in a low-temperature environment, and the angle value of the multipole magnetic encoder after subdivision is obtained. The multipole angle value after subdivision is synchronized with the single-pole angle value, as shown in Figure 20 .
Although we are aware of the harmful effects of temperature on the angle division process of the magnetic encoder, we do not know the specific position that is affected. We can see from Figure 21 that there are many jump points in the multipole angle value after the subdivision, but there are no jump points in the single-pole angle values. This is because the multipole angle value subdivision process needs the relationship between the single-pole angle and multipole angle, and changes in the mapping relationship will directly lead to incorrect angle values. However, the calculation process of the single-pole angle does not have this process, so there is no jump point in the single-pole angle value.
Angle value (LSB)
The signal output value of the d -axis at normal temperature The signal output value of the d -axis at temperature drift The signal output value of the q -axis at normal temperature The signal output value of the q -axis at temperature drift
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We can see from the above analysis that no single-pole angle value jump points are observed even with temperature changes. However, the resolution of the single-pole angle value is low, and the noise of the static angle value is large. In view of the above characteristics of the single-pole angle value, we use a method of fitting a single-pole angle value to a multipole angle value to determine the specific position of jump points for the multipole 
where N c is multipole angle values after subdivision at normal temperature; θ 1 is multipole angle values at normal temperature; θ 2 is single-pole angle values at normal temperature; N d is multipole angle value after subdivision at low temperature; θ 1 ′ is multipole angle values at low temperature; θ 2 ′ is single-pole angle values at low temperature; k 1 is the pole number of the upper window; k 2 is the pole number of the current window; k 3 is the pole number 
The dislocation of the 
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Journal of Sensors of the lower window; and ΔN is the deviation of angle value at normal and low temperatures. By comparing the single-pole and multipole angle values at normal temperature, we can obtain the angle deviation between them, which we can use to generate the error compensation table of the angle values. To eliminate noise signals and ensure the precision of the compensation table, the oversampling linear interpolation tabulation method was utilized [22] according to the principle of oversampling. First, the sampling points were divided into 512 intervals based on the single-pole angle value (high 9 bits of single-pole angle value), and a coordinate system was established that made the interval number the abscissa, and the angle deviation between the single-pole angle value and multipole angle value the ordinate. Each six intervals as an oversampling data, if we want to obtain the 324 th interpolation, we can use the 318 th to 324 th intervals to calculate the mean error y 1 and the 324 th to 330 th intervals to calculate the mean error y 2 . Finally, we can obtain the linear interpolation of the 324 th interval value based on y 1 and y 2 . The principle of the oversampling linear interpolation method is shown in Figure 21 . In this way, the interpolation of each point can be obtained, and the process of single-pole angle value error fitting tabulation can be completed.
The single-pole angle values can be fitted to the multipole angle values according to the above method. However, the resolution of the single-pole angle values is lower than that of the multipole angle values, so the static noise error of the single-pole angle values is larger than that of the multipole angle values. We can see from Figure 22 (c). If ΔN/ΔJ < 33%, we can assume that the point is not a jump point. If ΔN/ΔJ > 33%, we can assume that this point is a jump point.
Because the pole number of the multipole magnetic steel is 16, we can see from equation (6) that the jump point is fixed at 65536/16 = 4096 (the range of multipole angle values of the integer cycle after subdivision is 0-65535). When 2000 < ΔJ < 6000, we can eliminate the jump point by using
where N 4 is the multipole angle value after the jump points are eliminated, and N 4 ∈ 0, 65536 . When −6000 < ΔJ<−2000, we can eliminate the jump point by using
Experiment
The magnetic encoder proposed in this paper was experimentally studied using Russells' QW501 model thermostat. Figure 23(a) shows the thermostat used in this paper which realizes the temperature change. Figure 23(b) shows the ) show the application of the magnetic encoder proposed in this paper with a 1 kW power permanent magnet synchronous motor (rated speed 3000 r/min, rated torque 3 Nm) which is driven by sensorless control method [8] to achieve a constant speed.
Experiments were conducted to prove the feasibility of this method; the experimental schematic diagrams are shown in Figure 24 . Power was supplied to the motor and magnetic encoder through the power supply outside the thermostat. The servo controller uses a sensorless driving method to achieve constant rotation with a permanent magnet synchronous motor. The angle value is transmitted to the data acquisition card by SPI each 300 μs. The data acquisition card uses Renesas' RX62N MCU. When the data acquisition card collects the angle value, the data is transmitted to the computer through the USB, and the data acquisition process is controlled by computer interface.
Adjust the temperature in the thermostat, and keep each temperature point for an hour. Permanent magnet synchronous motor rotates at a constant speed of 25°/s with sensorless control method. Collect the angle value of the magnetic encoder, then judge whether there is a jump point in the angle value. The temperature command in the thermostat is shown in Figure 25 .
At each temperature point, the sensorless drive motor method is used to drive the motor in forward and reverse rotation. The forward and reverse rotation angles are sampled 5 times, and the experimental results without the method proposed in this paper are shown in Table 1 .
Under the normal temperature (25°C), the angle value with motor speed 25°/s is shown in Figure 26 ; Figure 26 Under the temperature -10°C (cool down), the angle value with motor speed 25°/s is shown in Figure 27 ; Figure 27 Under the temperature -20°C (cool down), the angle value with motor speed 25°/s is shown in Figure 28 ; Figure 28 Under the temperature -10°C (warming up), the angle value with motor speed 25°/s is shown in Figure 31 ; Figure 31 (a) is the forward rotation and Figure 31(b) is the reverse rotation.
Under the temperature 25°C (warming up), the angle value with motor speed 25°/s is shown in Figure 32 ; Figure 32 (a) is the forward rotation and Figure 32(b) is the reverse rotation.
We can see from Figures 26-32 that at normal temperature (25°C), there is no angle value jump point because the subdivision processing table for multipole angle values is established at normal temperature (25°C), and the angle value jump point appears during the cooling process because the table mapping relationship changes, resulting in an error in the angle value subdivision process. The jump point is characterized by a front-to-back angle difference, which is 4096 (65536/16) LSB. A full cycle angle resolution is 65536 LSB, and angle jump point value is 65536 divided by the magnetic pole number 16. In some experiments, no jump points occur at low temperature because the data acquisition process was intermittent (300 μs each time). 
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To demonstrate the effectiveness of method proposed in this paper, output angle value is obtained with the method proposed. As shown in Table 2 , the experimental results show that no angle jump points occurred in all five experiments. Figure 33 shows the subdivided angle values of the multipole magnetic encoder at −40°C with and without the method proposed in this paper. We can see from Figure 33 (b) that the jump points were effectively eliminated, which proves the feasibility of the proposed method.
Conclusions
To eliminate the jump points of multipole angle values after subdivision at a low temperature, the magnetic field and the temperature field on the accuracy of the angle value signals, the amplitude of the angle value signals was improved by using a strong sensitive Hall element and strong magnetic field steel material. To eliminate the jump points of multipole angle values caused by changes in the temperature field, a suppression method based on single-pole angle value fitting The error of the angle value caused by the changes in the temperature field was studied and analyzed, and the relationship between the jump point angle values and the pole number of the multipole magnetic encoder was obtained. Furthermore, the jump points were compensated for by the jump range of the multipole angle values. Finally, the angle accuracy of the multipole magnetic encoder in a thermostat was experimentally verified. The experimental results reveal that the low-temperature jump point compensation method proposed for the multipole magnetic encoder in this study can effectively suppress the jump of angle values.
Data Availability
The original angle value data used to support the findings of this study have been deposited in the original angle value of magnetic encoder repository. 
